The behavior of the temperature dependence of longitudinal ultrasonic velocity in type A533B steel in the presence of external as well as residual stresses has been investigated. In all measurements, the ultrasonic velocity in the vicinity of room temperature is found to vary linearly with temperature, and the slope of the linear relationship increases or decreases according to whether the stress is applied in tension or in compression respectively. The results also indicate that the temperature dependence of the velocity is a linear function of applied stress, and the slope of this linear relationship is the same for all specimens tested, and for both tensile and compressive stresses. These results are then used to obtain a relationship between the temperature dependence and residual stress in type A533B steel.
INTRODUCTION
In earlier publications 1 -6 , it has been demonstrated that the temperature dependence of ultrasonic velocity in a solid is strongly influenced by the presence of both external and residual stresses in the solid. Experiments performed on aluminum 2 -4 , copper 2 -5 , and stee16 elastically deformed show that the ultrasonic velocity, in the vicinity of room temperature, changes linearly with temperature, and the slope of the linear relationship is strongly influenced by the presence of stress. In these materials, the relative changes of the temperature dependence of longitudinal velocity are found to increase by 23% at a stress of 96 MPa in aluminum, by 6% at a stress of 240 MPa in copper, and by a 15% at a stress of 240 MPa in type A533B steel. The results on these materials also indicate that the relative change in the temperature dependence is a linear function of applied stress, and the slope of this linear relationship appears to remain unchanged for all specimens of the same materials tested. Measurements made on aluminumalloys2,7 indicate that the relative changes of the ultrasonic velocity due to applied stress are insensitive to composition or texture, and the data obtained on three aluminum alloys can be represented by a single relationship. This relationship represents the calibration to be used for the determination of stress gradients in aluminum.
In the present paper, the behavior of the temperature dependence of longitudinal velocity in type A533B steel in the presence of external and residual stresses has been investigated. The measurements are made when tensile and compressive stresses are applied to the specimen. The results obtained are then used to develop a relationship between the temperature dependence and residual stress in A533B steel.
EXPERIMENTAL
The specimens used in the present investigation were machined out of type A533B steel in the form shown in Fig. 1 . The two faces of each specimen are made flat and parallel to within ±0.00.1 rom in order to avoid the wedge effect of the ultrasonic beam during propagation. The specimen shown in Fig. 1 is used when tensile stresses are applied. When performing compression tests, both end sections are cut at the dotted lines as shown in Fig. 1 to prevent possible buckling and bending stresses.
The application of external stresses was carried out with a model 1125 floor type Instron machine of 20,000 kg maximum load capacity. Two different types of loading arrangements are used in the present work. These arrangements are shown in Figs. 2 and 3. Fig. 2 illustrates the system used for tensile testing while Fig. 3 shows the arrangement used for compressive tests. In order to ensure uniform stress in the specimen special effort was made in designing these systems to minimize any effects of misalignment between the axis of the specimen and the loading axis. In the case of the arrangements used for tensile test, this is accomplished by connecting two universal joints to both ends of the specimen as shown in Fig. 2 . In the case of compressive tests, however, a two-step alignment system was used as shown in Fig. 3 . In this system, the linear bearing served as the first alignment between the upper and the lower loading axes, while the hemispheric steel ball served as the second alignment between the specimen and the loading axis. The extension rods used in the compressive tests as the lower and the upper loading axes are made of surfacehardened steel rod (Rc = 40) to resist possible wear from the bearing during the loading. 
The temperature control system is designed to enclose the specimen gripping assemblies in order to ensure stabilized temperature for the whole specimen during the time required for velocity measurements. A test furnace along with recirculating blower and planum system is used to provide a uniform temperature performance. The furnace is also equipped with a temperature controller which is capable of providing a precision temperature control. A liquid nitrogen cooling system with cooling solenoid valve connected to the temperature controller is connected to the injector on the side of furnace.
rTith the liquid nit.rogen cooling system connected, the system is found to be capable of operating between 200 K and 600 K. In the present work the measurements are performed between 300 K and 360 K where the coupling condition between the transducer and the specimen is found to be satisfactory. Before starting the velocity measurements, the furnace is first set at the desired temperature. After the desired temperature is reached, the cooling rate of the specimen is controlled by a constant temperature offset on the temperature controller which in turn regulates the liquid nitrogen flow into the furnace. At all temperature ranges, the actual temperature of the specimen is measured by a copper-constantan thermocouple attached directly to the specimen. The thermocouple along with a potentiometer provides the measurement of the temperature with an accuracy of ±0.1 K. Velocity measurements in the present investigation are performed by means of a pu1se-echo-overlap system which has been fully described e1sewhere 8 • This system is capable of measuring changes in the ultrasonic velocity with an accuracy of 1 part in 105.
RESULTS
The effect of applied tensile elastic stress on the temperature dependence of longitudinal ultrasonic velocity has been studied in type A533B steel. The measurements were made on four specimens designated 1, 2, 3, and 4. The measurements made on specimen 1 were performed at subambient temperatures ranging between 230 K and 280 K. while the specimen was subjected to various amounts of tensile stress (0.243.2 MPa) within the elastic limit. Typical examples of the velocity as a function of temperature obtained on specimen 1 at 0 and 170.2 MPa applied tensile stress are shown in Fig. 4 . From this figure, one can see that the longitudinal velocity in A533B steel increases linearly with the lowering of temperature, and the slope of this linear relationship increases as the amount of tensile stress is increased. 
CD that the accuracy of the experimental data obtained on this specimen is less than 2.04%. Also listed in Table 1 are the relative changes in the temperature dependence, 8, due to the application of stress. These values are calculated using the relationship
and shows that dV/dT changes by more than 15% when the applied stress is 243.2 MPa. The relative percentage of the temperature dependence listed in Table 1 is plotted as a function of applied stress in Fig. 5 . The plot shows that all data points lie on a straight line which pass through the origin, and the slope of this linear relationship in A533B steel specimen 1 is 6.32 x 104 per Mpa. The studies of ultrasonic longitudinal velocity in A533B steel were also performed at the super ambient temperatures in the range between 300 K and 360 K for both tensile and compressive stresses. Spe~imens 2, 3 and 4 were used to study the effect of applied compressive stress (-), while specimen 4 was used for tensile stress (+) studies.
Th~ values of the temperature dependence of ultrasonic velocity obtained on these three specimens are listed in Table 2 . The table also includes the values of the uncertainty in evaluating the temperature dependence. From these values, it is seen that the accuracy in determining the temperature dependence of longitudinal velocity is less than 2.4%. Because the values of (dV/dT) at zero applied stress are found to vary among the specimens investigated, the relative changes in the temperature dependence 8 Table 2 . The relative changes in the temperature dependence for specimens 2, 3, and 4 are also plotted in Figs. 6 and 7 for tensile and compressive stresses respectively. Plots of the absolute values of the temperature dependence of ultrasonic velocity (dV/dT) at various applied stresses obtained on all specimens used in this investigation are shown in Fig. 8 . These values are taken from Tables 1 and 2 .
From Fig. 8 , it can be seen that the absolute values of the temperature dependence increase or decrease linearly as a function of applied tensile or compressive stress. The plots of Fig. 8 also demonstrate that the slopes of (dV/dT) vs a are almost equal for all specimens and type of stress used. However, the intercepts of the straight lines representing (dV/dT) vs a with the axis representing (dV/dT) at zero applied stress are different in different specimens. This difference indicates that the temperature dependence measured at zero applied stress is dependent on the specimen tested. Since all these specimens are manufactured from the same piece of A533B steel, it is most likely that these differences are due to the differences in residual stress in these specimens, and there should be a single value for the temperature dependence at zero residual stress which is characteristic of the material used.
Theoretical calculations of the value of temperature dependence at zero residual stress are not available at present. The value of this quantity, however, can be obtained if the residual stress in the specimen where ultrasonic measurements have been done is available. Using this approach, the residual stresses were determined in specimens 2 and 4 by means of the hole drilling technique, and found to be compressive and equal to 30 and 72 MPa in specimens 2 and 4 respectively. These values are shown in Figs. 9 and 10 which represent the absolute values of the temperature dependence as a function of applied stress in specimens 2 and 4 respectively. From these figures, the values of the temperature dependence of ultrasonic velocity at zero residual stress are determined and found to be equal to 0.640 and 0.650 m/s.K for specimens 2 and 4 respectively. In case of specimen 2, the experimental data obtained on this specimen shown in Fig. 9 have been extrapolated to the tensile regime. The residual stress or can then be represented by Or = [dV/dT) + 0.640] / -3.619 x 10-4 MPa CI r (1) where -3.619 x 10-4 represents the slope of (dV/dT) vs CI in Fig. 9 . Also the temperature dependence in terms of the residual stress for specimen 4 can be expressed as (dV/dT) vs CI in Fig. 10 .
In order to examine the values of (dV/dT)o obtained above, measurements of the temperature dependence of ultrasonic velocity on well annealed specimens of A533B steel were performed and the average value of this quantity was found to be equal to 0.65 ± 0.010 m/s.K. This value together with those obtained ultrasonically on specimens 2 and 4 indicate the existence of one value for the temperature dependence of ultrasonic velocity at zero residual stress which is characteristic of A533B steel. Also the slopes of (dV/dT) vs stress obtained on A533B steel in this investigation are found to be reasonably equal. Thus a single relationship can be considered for the determination of bulk residual stress in type A533B steel. This relationship can be expressed as Determining the temperature dependence of ultrasonic velocity on a specimen or a part made of A533B steel will then yield a measure of the bulk residual stress in this specimen.
